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Abstract
A criterion of crack resistance corrosion damaged concrete in plane stress state with colmatation transformation of the concrete 
structure is built in the coordinate system of the principal normal stresses. Criterion of crack resistance is described by the elliptic 
curve typical dimensions of which are determined by the kinetics parameters of corrosion damage progress in time and by depth 
of damages, level and sign of the stress state. This criterion allows taking into account changes in the structure of concrete at 
various kinds of stress state (tension - tension, compression - compression and tension - compression) with respect to the 
characteristic types of possible cracks in plane stressed elements. The resulting criterion is quite general and can be used not only 
for the evaluation of crack resistance for plane stressed concrete and reinforced concrete elements, as well as for solving 
problems of exposure of residual resource and survivability of exploited reinforced concrete structures under the simultaneous
display of force and environmental impacts over time.
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1. Introduction
Studies carried out in the last decade, for example, [1–3, 9–18] found that the intensity of the corrosion damages 
of exploited reinforced concrete structures is determined not only by the degree of aggressiveness of the 
environment, but also by the type and level of stress state in the structural elements. In this regard, the formulation 
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and solution for the problem of the dynamics of crack resistance changes in time for complex stressed reinforced 
concrete structures, for example, areas of joint action of bending moments and shear forces in the beam structure, is 
of current interest. [19–21] (Fig. 1). The results of studies of these areas so far remain a topic of discussion on the 
differences of approaches to solving problems of crack resistance, strength and deformability of the force resistance 
of these zones.
Moreover, formulated new research direction in the study of exploited reinforced concrete structures to assess 
their survivability [4] is related to the need to quantify the crack resistance and strength of the cross section, during 
the simultaneous display of force and environmental impacts.
Fig. 1. Typical stress states, crack types in plane stressed reinforced concrete elements (a) and bending moment and shear forces on the 
considered part of the beam (b)
2. Formulation of the crack resistance criterion for the loaded corrosion damaged element
For the general case of a triaxial stress state crack resistance criterion for corrosion damaged concrete in the 
system of main forces (N1, N2) applied at the middle surface of the characteristic small element of unit dimensions 
can be represented in the form:
Nଵଶ + Nଶଶ + Nଷଶ െ
1
2 Nଵ ή Nଶ ή Nଷ െ (Rୠ
כ (t) ή bെ Rୠ୲כ (t) ή b) ή (Nଵ + Nଶ + Nଷ)െ Rୠכ (t) ή Rୠ୲כ (t) ή bଶ = 0. (1)
Under the plane stress state (N3 = 0) the crack resistance of the corrosion damager concrete can be determined by 
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the elliptic curve:
Nଵଶ + Nଶଶ െ
1
2 Nଵ ή Nଶ െ (Rୠ
כ (t) ή bെ Rୠ୲כ (t) ή b) ή (Nଵ + Nଶ)െ Rୠכ (t) ή Rୠ୲כ (t) ή bଶ = 0, (2)
where Rb*(t), Rbt*(t) – ultimate strength of corrosion damaged concrete under uniaxial compression and uniaxial 
tension, respectively, b – the width of the considered beam.
Studies [1,5] determined that development of corrosion damage in time and depth of aggressive environment 
neutralization are various and depend on the level of stress state (N/R*b), of concrete composition and 
characteristics of physical and chemical impacts. In this case, there are three variants of development of the 
degrading changes in the cross section structure of reinforced concrete element:
1. Entropy, fading over time, due to the reduction of permeability owing to compaction and colmatation 
transformation of concrete structure, with the gradual stabilization on some critical (or limiting) the depth of damage 
įFU
2. Linear, with a constant speed, front advancement of corrosion, without its stabilization at a certain depth; Here 
WKHYDOXHįFUFKDQJHVWKHRULJLQDOPHDQLQJDQGEHFRPHVDNLQGRIHPSLULFDOSDUDPHWHURIWKHSURFHVVRIGDPDJH
3. Avalanche, intensifying over time, corrosion damage leads to the complete destruction of the material.
Later in assessing the crack resistance of plane stressed elements the first version of corrosion damage with 
colmatation transformation of concrete structure and stabilization of damage at a certain depth įFU ZLOO EH
considered.
Following the dependences shown in [5,6] and graphically depicted in figure (Fig. 2) it can be seen that changes 
in the strength characteristics of reinforced concrete elements and therefore the current values of the depth of 
damagHįFUXQGHUFRUURVLRQGDPDJHDUHGHWHUPLQHGRYHU WLPHE\ WKHVSHHGDQG W\SHRI LQMXU\HPSLULFDONLQHWLFV
SDUDPHWHUVRIGDPDJHĮPDVDIXQFWLRQRI WKHOHYHODQGVLJQRI WKHVWUHVVVWDWH)RU WKHFRQVLGHUHGFROPDWDWLRQ
type of damage the maximum depth of damage fore concrete under compression at some point of the current time 
following [5] can be determined from the expression:
οɁ(t, t଴) = ஔౙ౨ିஔ(୲,୲బ)ஔ(୲బ)  (3)
where t – current time, t0 – start time of observation.
)RUQXPHULFDOFDOFXODWLRQVSDUDPHWHUVįFUĮPFDQEHSUHVHQWHGDQDO\WLFDOO\LQWKHIRUPRIVRPHSRO\QRPLDOVRI
the type:
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)RUHDFKW\SHRIFRQFUHWHVSHHGDQGW\SHGDPDJHIL[HGSDUDPHWHUVįFUĮPDUHGHWHUPLQHGH[SHULPHQWDOO\DQG
ZLWKWKHLUKHOSTįLTPLTĮLDUHFDOFXODWHG
6LPLODU GHSHQGHQFHV IRU GHWHUPLQLQJ WKH HPSLULFDO SDUDPHWHUV įNS Į P FDQ EH UHFRUGHG DOVR IRU ELD[LDO
stretching using data from [6].
We consider the case for the plane stress state - compression in one direction and tension in another direction. 
Empirical parameters of the kinetics of damage in the first approximation can be calculated using dependencies [5] 
described for the stress state of compression - compression (Fig. 2b) by formulas (Eq. 3) and (Eq. 4) of 
dependencies from work [6] for the stress state of tension - tension (Fig. 2a).
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Fig. 6FKHPHSDUDPHWHUFKDQJHVIRUįFUĮPLQD– biaxial tension and b – biaxial compression depending on level of stress stDWHȘ
Using these dependencies the crack resistance criterion for plane stressed element in the development of the 
kinetics of damage in time for the two types of possible cracks (crack type 1 and type 2) can be defined. The data 
from works [7,8] in which the influence of the joint action of the load and corrosion damage is given to a 2% 
aqueous solution of sulphuric acid is used for finding the empirical parameters of the kinetics of damage.
Graphs of strength criterion for plane stress state tension - compression built for the following cases of stress 
state are considered:
a) at N1 = 0:
Nଶ =
(Rୠ െ Rୠ୲)
2 െඨ
(Rୠ െ Rୠ୲)
4 + RୠRୠ୲ , (5)
Nଶଶ െ (Rୠ െ Rୠ୲)Nଶ െ RୠRୠ୲ = 0, (6)
Nଶଵ = Rୠ, Nଶଶ = െRୠ୲, (7)
which corresponds to points B and B’ at the graph (Fig. 3).
b) at N1 = N2 = p – uniform biaxial compression and tension:
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p = ଶ
ଷ
(Rୠ െ Rୠ୲) ±ටସ(ୖౘିୖౘ౪)
మ
ଽ
+ ଶ
ଷ
RୠRୠ୲ .                                                                                                        (8)
The values p(1) and p(2) corresponds to the points A and A’ (Fig. 3). 
c) at N1 = -N2 = f – case of pure shear
        f = ඨRୠRୠ୲2,5 , (9)
which corresponds to point C.
d) extreme value of N1, following from the condition dN1 / dN2 = 0, correspond to the values:
      Nଶ = ୒భସ +
(ୖౘିୖౘ౪)
ଶ
 ,   (10)
      Nଵ ୫ୟ୶
୫୧୬
= 23 (Rୠ െ Rୠ୲) ± 4ඨ
2(Rୠ െ Rୠ୲)ଶ
45 +
1
15 RୠRୠ୲     (11)
Using the values of obtained characteristic points of the crack resistance criterion of corrosion damaged cross 
VHFWLRQRISODQHVWUHVVHGFRQFUHWHHOHPHQWDUHEXLOWIRUWZRFKDUDFWHULVWLFVWUHVVVWDWHV)LJDWȘ DQGDWȘ 
and two equations of the current values of the damage depth t0= 0 (re-produced structureand exploited in an 
aggressive environment structure after t = 150 days. (Fig. 3)
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Fig. 3. Graphs for the crack resistance criterion of corrosion damaged concrete at plane stress state: 1 – for undamaged concrete (t = 0); 2 – for 
corrosion damaged concrete excluding changes in the structure concrete during loading; 3 – for corrosion damaged concrete considering changes 
in the structure of concrete during loading
Fragments of crack resistance for corrosion damage and loaded element for cracks first and second type (Fig. 4) 
were drawn: curve 1 is for loaded and undamaged by corrosion element, curve 2 is for corroded element at the 
current time t = 150 days.
  
Fig. 4. Crack resistance criterion for the plane stressed concrete element under stress state compression - tension before the formation of the 
characteristic cracks of first and second types excluding 1 and considering 2 corrosion damages
3. Conclusions
From the above analysis it follows that the ultimate resource of crack resistance for loaded and corrosion 
damaged concrete element is defined by the equation and the sign of the stress state, the parameters of the kinetics 
SURJUHVVRIGDPDJHRYHUWLPHįFUĮP7KHUHVXOWLQJFULWHULRQLVTXLWHJHQHUDODQGFDQEHXVHGQRWRQO\WRDVVHVV
all types of cracks in plane stressed elements, but also for the analysis of survivability exposure of reinforced 
concrete structures.
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